In the pairing site model, specialized regions on each chromosome function to establish meiotic homolog pairing. Analysis of these sites could provide insights into the mechanism used by Drosophila females to form synaptonemal complex (SC) in the absence of meiotic recombination. These specialized sites were first established on the X-chromosome by noting that there were barriers to crossover suppression caused by translocation heterozygotes. These sites were genetically mapped and proposed to be pairing sites. By comparing the cytological breakpoints of 3rd chromosome translocations to their patterns of crossover suppression, we have mapped two sites on chromosome 3R. We have performed experiments to determine if these sites have a role in meiotic homolog pairing and the initiation of recombination.
ABSTRACT
In the pairing site model, specialized regions on each chromosome function to establish meiotic homolog pairing. Analysis of these sites could provide insights into the mechanism used by Drosophila females to form synaptonemal complex (SC) in the absence of meiotic recombination. These specialized sites were first established on the X-chromosome by noting that there were barriers to crossover suppression caused by translocation heterozygotes. These sites were genetically mapped and proposed to be pairing sites. By comparing the cytological breakpoints of 3rd chromosome translocations to their patterns of crossover suppression, we have mapped two sites on chromosome 3R. We have performed experiments to determine if these sites have a role in meiotic homolog pairing and the initiation of recombination.
Translocation heterozygotes exhibit reduced gene conversion within the crossover suppressed region, consistent with an effect on the initiation of meiotic recombination. To determine if homolog pairing is disrupted in translocation heterozygotes, we used fluorescent in situ hybridization to measure the extent of homolog pairing. In wild-type oocytes, homologs are paired along their entire lengths prior to accumulation of the SC protein C(3)G. Surprisingly, translocation heterozygotes exhibited homolog pairing similar to wild-type within the crossover suppressed regions. This result contrasted with our observations of c(3)G mutant females, which were found to be defective in pairing. We propose that each Drosophila chromosome is divided into several domains by specialized sites. These sites are not required for homolog pairing.
Instead, the initiation of meiotic recombination requires continuity of the meiotic chromosome structure within each of these domains.
INTRODUCTION
Meiotic recombination usually occurs between similar or identical sequences on homologous chromosomes. In most organisms, at least part of the meiotic recombination pathway occurs within the context of the synaptonemal complex (SC), which holds aligned homologous chromosomes together along their entire lengths (VON WETTSTEIN et al. 1984) .
Surprisingly, organisms can be classified into at least two types based on the relationship of DSB formation to the SC. In S. cerevisiae, DSB formation occurs prior to, and is required for, SC formation (PADMORE et al. 1991) . A similar course of events occurs in the mouse (BAUDAT et al. 2000; ROMANIENKO and CAMERINI-OTERO 2000) and Arabidopsis (GRELON et al. 2001) . In contrast, Drosophila and C. elegans form SC in the absence of recombination MCKIM et al. 1998) , suggesting the temporal order of events in these organisms might be different. Cytological studies in Drosophila have supported the view that SC formation occurs prior to DSB formation (JANG et al. 2003) .
The presence of single stranded tails at DSB sites provides a mechanism for homology searching and chromosome alignment (ROEDER 1997) . In organisms like Drosophila and C. elegans, however, another mechanism aside from recombination must exist to precisely align homolgous chromosomes during meiosis. Indeed, DSB independent mechanisms for aligning meiotic chromosomes appear to be widespread. Similar to Drosophila and C. elegans, homolog pairing in fission yeast involves a DSB -independent component (DING et al. 2004) . While homolog pairing is observed in Drosophila somatic chromosomes (FUNG et al. 1998) and male meiotic chromosomes which do not recombine (VAZQUEZ et al. 2002) , studies of meiotic chromosome pairing prior to or in the absence of SC formation in Drosophila females have not been reported.
4
Classical studies on chromosome pairing in Drosophila have involved the analysis of crossover suppression or segregation patterns in chromosome rearrangement heterozygotes.
Translocation heterozygosity suppresses crossing over in a variety of organisms and has been extensively studied in Drosophila (e.g. ROBERTS 1976) . Although the mechanism of crossover suppression is not known, a pairing defect has often been implicated. Dobzhansky (1931) proposed that crossover reductions were the result of competitive pairing between the partial homologues in translocation heterozygotes. Roberts (1970; concluded that crossover reductions in translocation heterozygotes were due to disturbed pairing, and not due to elimination of the crossover strands. He also proposed that synapsis initiates in the distal regions of each chromosome arm.
"Pairing site" models have been proposed in C. elegans and Drosophila. Although the details of these models differ, both suggest that one or more sites on each chromosome are required for normal levels of crossing over and may have a role in the pairing or synapsis of homologs. Experiments using chromosome rearrangements in C. elegans have mapped a single site at one end of each chromosome that is required for crossing over (MCKIM et al. 1988; MCKIM et al. 1993; VILLENEUVE 1994; ZETKA and ROSE 1995) . In Drosophila, Hawley (1980) investigated the relationship between X-chromosome translocation breakpoints and the crossover-suppressed region. Heterozygosity for a translocation suppressed crossing over within an interval defined by specific sites or boundaries and had little effect on crossing over in adjacent intervals. It was proposed that these sites mediated the initial interactions between homologous chromosomes leading to synapsis and recombination. Currently, however, there is no direct evidence that these sites play a role in homolog pairing. In this study, we have carried out an analysis of crossing over suppression on chromosome 3R in translocation heterozygotes to 5 test two predictions of the pairing site hypothesis. First, does the function of these sites play a role in the initiation of meiotic recombination, and second, are these sites required for the pairing of homologous chromosomes. was not treated with purine and the flies were counted to estimate the total number of progeny.
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MATERIALS AND METHODS
Genetic
Any non-rosy progeny were selected and crossed to thr kar ry 606 cvc flies to categorize the recombination event as either a gene conversion or crossover. A parental arrangement of flanking markers indicated a gene conversion. This is a reliable method to classify the recombination event because the flanking markers are close to the ry locus and therefore, it was unlikely that a gene conversion and a separate crossover between ry and a flanking marker would occur in the same meiosis (CHOVNICK et al. 1970) .
Preparation of DNA probes: Cy3-labeled probes were made from BAC genomic DNA clones (HOSKINS et al. 2000) . As described by Marshall et al. (1996) , approximately 10ug of DNA was fragmented by digestion with six four-cutter restriction enzymes (Alu I, Hae III, Mse I, -20) . After washing, the ovaries were completely separated into individual ovarioles before being transferred from the dissecting dish to a 0.5 ml. eppendorf tube.
Ovarioles were then washed in 2xSSCT three times and then gradually exchanged into 2xSSCT/50% formamide with 10 minute washes in 2xSSCT/20% formamide, then 2xSSCT/40%
formamide, then two washes in 2xSSCT/50% formamide. The ovarioles were then the overnight incubation, 2xSSCT/50% formamide was added to the sample and inverted several times to mix thoroughly. Ovarioles were allowed to settle and then samples where washed in fresh 2xSSCT/50% formamide. Two more 30 minute washes in 2xSSCT/50% formamide were done at 37 o C followed by one wash in 2xSSCT/25% formamide at room temperature and four washes in 2xSSCT. Ovarioles were then blocked in 6 mg/ml normal goat serum in 2xSSCT for four hours at room temperature then washed three times quickly in 2xSSCT. Anti-ORB 9 monoclonal antibodies (6H4 and 4H8, LANTZ et al. 1994 ) at 1:30 or anti-C(3)G antibody (guinea pig or mouse) at 1:500 (PAGE and HAWLEY 2001) were added in 2xSSCT and incubated overnight at room temperature. The following day, ovarioles were washed three times in 2xSSCT for 10 minutes, 1 hour, and 1.5 hours. Fluorescein-conjugated secondary antibody (Vector or Jackson Labs) was added and incubated for 4 hours. Ovarioles were then washed two times quickly in 2xSSCT and then once for 3 hours and then overnight at room temperature.
After settling, excess 2xSSCT was removed and the ovarioles were mounted in Vectashield (Vector).
Image analysis:
Images were collected and analyzed on two systems. The first was a DeltaVision restoration microscopy system (Applied Precision) equipped with a Nikon 60X N.A.1.4 oil immersion objective. The restoration and modeling was performed with softWoRx software (Applied Precision) on an Octane Workstation (Silicon Graphics). The second was a Zeiss Axioplan II imaging microscope equipped with a 60X or 100X N.A.1.4 oil immersion objective and a Sensicam CCD camera (Cooke Corp.). These images were analyzed using deconvolution and 3D analysis software from Vaytek. Similar results were obtained using either system. In FISH experiments using ORB staining, oocytes were only scored where ORB was clearly localized to one cell, usually in region 2b and 3 and thus in mid pachytene. In experiments with C(3)G staining, all oocytes could be observed from region 2a (early pachytene) to 3. No differences in homolog pairing were observed between early pachytene (region 2a) and late pachytene (region 3). Foci of hybridization were typically brightest in the surrounding nurse cell nuclei and in some oocytes (<10%) no hybridization signal could be found. The failure to detect a signal had only a minor impact on the conclusions because of its low frequency and the experiments with c(3)G mutant females demonstrated the frequency that pairing defects were 10 detected. The distance between a homolog pair was measured between the brightest pixels of two foci. In a minority of nuclei, three foci were observed; two of these foci were usually close together and probably sister chromatids. The distance reported in these cases was the largest of the three possible measurements.
RESULTS
Crossover suppression by translocations on chromosome 3R: Using genetic markers spanning all of chromosome 3R (Figure 1) to measure crossing over, the translocations were separated into three groups based on the patterns of crossover suppression ( Table 2 ). The first group suppressed crossing over most severely in the cu -e region, the second group suppressed crossing over most severely in the e -ca region (Figure 2 ), while the third group with breaks closest to the centromere did not suppress crossing over in any region, even between st and cu, which included the breakpoints of this group. In addition, complex rearrangements were identified with more extensive effects on crossing over. For example, T(2;3)DP92 involves two translocation breakpoints on chromosome 3R and almost no crossovers were recovered.
As described in detail below and summarized in Figure 2 , our results can be explained by the existence of specialized sites at 85A-C, 91A-93D and possibly another at 95B-97C that have a role in meiotic recombination. These conclusions are based on the idea that a discontinuity due to heterozygosity for a translocation breakpoint causes crossover suppression within the interval between two sites but not in other regions (HAWLEY 1980) . Throughout this paper, we refer to these sites as boundary sites to reflect the observation that crossover suppression in translocation heterozygotes is strongest in the interval containing the breakpoint and weaker or absent in other intervals. These sites can be mapped by observing the patterns of crossover suppression in a series of translocations with breakpoints spanning a chromosome arm. For example, the 91A-93D site near e was mapped using the following criteria. Translocation breakpoints to the left of this site suppressed crossing over in the cu -e but not e -ca intervals whereas translocation breakpoints to the right of this site suppressed crossing over in the e -ca interval.
Crossover suppression in one genetic interval did not result in compensatory increases in other intervals. For example, when the cu -e region was suppressed, there was no increase in crossing over in the e -ca region (Table 2, Figure 2 ). Thus, crossover suppression by translocations did not activate a system which regulates the total number of exchanges per chromosome arm. Crossing over increased in the centric st -cu region with some translocations, but these increases did not compensate for the observed decreases in other regions and may be related to the interchromosomal effect (K. McKim, unpublished results, WILLIAMSON 1966) .
Evidence for a boundary in 85A-C: Translocations with breakpoints between divisions 85 and 91, such as T(2;3)DP77 (85C) and T(2;3)C287 (89F), suppressed crossing over between
cu and e but not e and ca (Table 2, Table 3 ). However, translocations with breakpoints proximal to 85A6 had no effect on crossing over in the cu -e interval. For example, T(2;3)P607 (82F),
suppress crossing over in the cu -e region ( Table 2, Table 3 ). Crossing over within the cu -e region was investigated using kar, cv-c, Sb, gl and e ( Figure 1 ). Crossover suppression was not restricted to the region around the breakpoint; the reductions in crossing over were uniform throughout the cu -e interval ( Figure 2 ). For example, T(2;3)DP77 breaks close to cu but had similar crossover suppression effects within the kar -cv-c, cv-c -Sb, Sb -gl and gl -e intervals (Table 3) . Similarly, T(2;3)C202 and T(2;3)C287 suppressed crossing over to a frequency lower than any of the subintervals, indicating they suppress crossing over throughout the cu -e region.
Evidence for a boundary in 91A-93D: The translocations that suppressed crossing over in the cu -e region such as T(2;3)C202 and T(2;3)C287 had a normal frequency of crossing over
in the e -ca region ( Table 2 ). The location of the boundary is distal to 91A because T(2;3)gl 63d (91A1-2) strongly suppressed the cu -e region. T(2;3)gl 63d heterozygotes also caused a 13 relatively mild reduction of crossing over in the e -ca region (47% of wild-type), but this is not severe enough to indicate it has a breakpoint to the right of the boundary site. More distal breakpoints suppressed crossing over when measured in the e -ca region. The distal limit for the boundary site is 93D because T(2;3)DP19 (93D) strongly suppressed crossing over in the eca region but mildly in the cu -e region [ Table 4 and compare gl -e in Table 3 for T(2;3)DP19
(37.0% of control) and T(2;3)C287 (1.6% of control)]. The mild effects of T(2;3)DP19 in the cu -e region are consistent with the effects of other distal translocations discussed below. That
T(2;3)C202 and T(2;
3)C287 suppressed crossing over in the gl -e region has two implications (Table 3) . First, the location of the boundary site is closer to e (93D). Second, crossover suppression occurs on both sides of a translocation breakpoint (e.g. cu -breakpoint and
breakpoint -e).
To investigate crossover suppression in the e -ca region, we subdivided the interval using ro (Table 4) . Translocations with the most distal breakpoints like T(2;3)ltx 13 and T(2;3)DP49 caused mild crossover suppression in the e -ro interval but more severe crossover suppression in the ro -ca interval, suggesting there may be a boundary site between e and ca at 95B-97C ( Figure 1 , Figure 2 ). In contrast, T(2;3)ltx 16 and T(2;3)dp D suppressed crossing over in both the e -ro and ro -ca regions, suggesting there are no additional sites or boundaries. This contradiction could be explained, however, by the observation described below that translocations with breaks in the 94-96 region, such as T(2;3)ltx 16 and T(2;3)dp D , suppress crossing over along the whole arm.
Translocations that suppress crossing over along the whole arm: While most of our data is consistent with a boundary at 91A-93D, some translocations in the e -ca region showed mild crossover suppression in the cu -e region. Crossing over was mildly reduced throughout 14 the e-cu region in T(2;3)dp D and T(2;3)ltx 16 ( Table 2, Table 3 ). Similar results were also observed in two translocations involving chromosome 4 [T(3;4)A2 and T(3;4)A30] ( Table 2,   Table 3 ). This effect was most severe with translocation breakpoints in the middle of the e -ca region. For example, T(2;3)ltx 16 and T(3;4)A2 suppressed crossing over in the cu -e region to a larger degree than T(2;3)ltx 13 and T(3;4)A30. These results suggest that distal regions, especially the 94-96 region, are important for crossing over throughout chromosome 3R. We have excluded a centromere effect as an explanation for our results since the translocations that were characterized did not bring a centromere closer to the proximal regions.
The effects of distal translocation breaks on proximal regions such as the cu -e interval does not contradict the evidence for a boundary in 91A -93D. Distal translocations caused mild crossover suppression in the cu -e region (~50% of wild-type) (Figure 2 ), whereas translocation breaks between the sites at 85A-C and 91A -93D such as T(2;3)C202 caused much more severe reductions on crossing over (~5% of wild-type). Therefore, the reductions in crossing over by breaks in the 94-96 region were tempered by the boundary in 91A -93D.
Translocations in centromere proximal regions do not suppress crossing over: Most translocations did not suppress crossing over in the st -cu region, which includes the most proximal region on chromosome 3R. Even the T(2;3) chromosomes with breaks between the centromere and the 85A-C boundary site did not suppress crossing over anywhere on the right arm of the third chromosome (Table 2 ). One translocation, T(2;3)MAP, had reduced crossing over in the st -cu interval, but this may be an effect of genetic background since the reduction was mild and crossing over was also low in the adjacent cu -e interval. One interpretation of these results is that the region between the centromere and the 85A-C boundary site is not sensitive to translocation heterozygosity. This conclusion assumes, however, that not all the 15 crossing over between st and cu occurs to the left of the centromere. To directly measure the frequency of crossing over in proximal 3R we used two P-element insertions (abs at 82A1-2 and ksr at 83A4-6, Table 5 ). No significant crossover suppression was observed with the translocations that break proximal to the 85A-C boundary. Similarly, as part of a study on crossover interference, Denell and Keppy (1979) measured crossing over within proximal chromosome 3R of T(Y;3)B155 (82C) heterozygotes and it was not suppressed. These results support the conclusion that crossing over in the proximal euchromatin is not sensitive to translocation heterozygosity.
Gene conversion is reduced in translocation heterozygotes:
Crossover suppression in translocation heterozygotes could occur either because of an early defect in the recombination pathway such as a failure to make DSBs or a defect in the system that controls whether a DSB is repaired as a crossover or noncrossover. If initiation of recombination is defective then both recombination products, noncrossover (gene conversion) and crossover, should be affected. We tested this hypothesis by measuring the frequency of gene conversion at the rosy locus (HILLIKER et al. 1988) in two translocation heterozygotes (Table 6) . T(2;3)DP92, which is a two break rearrangement that suppresses crossing over throughout the entire right arm of the chromosome, was chosen because of its strong crossover suppression. T(2;3)DP77, which suppresses crossing over only within the cu -e region, was chosen because it had a more restricted crossover suppression pattern. Both suppressed crossing over in the region around the rosy gene ( Whole mounted ovaries were probed with one of five fluorescently labeled BAC clones on chromosome 3R (Figure 1 ). Within the ovary, prophase oocytes develop among 15 nurse cells and can be identified using antibodies to either the ORB protein, which accumulates during pachytene in the oocyte cytoplasm (LANTZ et al. 1994) , or the C(3)G protein, which is a component of the synaptonemal complex that forms between synapsed meiotic chromosomes (PAGE and HAWLEY 2001) . Based on the staining patterns of these two antibodies and relative position within the ovary, oocytes can be identified and staged (for details see Figure 3 ).
In wild-type oocytes with normal sequence chromosomes the homologous loci were usually paired (Table 7) . A single focus of staining was observed in the majority of nuclei and when there were two foci, they were close together. FISH in combination with C(3)G antibody staining to detect the SC in wild-type revealed that when a probe detected two foci, they were on either side of a thread of C(3)G staining (see below). These foci were usually closer than Homolog pairing was also examined in the nuclei without complete SC formation by characterizing the FISH signals in germ line cells that lacked C(3)G staining. We looked at prepachytene cells (either early meiotic prophase or premeiotic cells), which were defined as those which failed to stain with ORB or SC in region 1 and early 2a of the germarium and thus that had not yet developed SC. Although there may be differences between the prepachytene cells due to asymmetric mitotic cell divisions, we did not use markers to differentiate these cells.
In addition, the classification of "premeiotic" included cells that were still mitotic and those had completed the last mitotic division to become a 16-cell cyst and possibly entered meiotic
prophase. The 16 cell cysts in S-phase or early prophase (e.g. leptotene) are not detected with C(3)G and ORB staining. Despite the heterogeneity of these prepachytene cells, the majority of cells had only a single focus of hybridization using BACR22N13 as a probe (Table 7) . Similar results were observed with the four other probes (data not shown), indicating the homologs enter meiosis tightly paired along their lengths.
We also looked at nurse cells, which are the sister cells of the proocytes and form little or no SC, and found that the majority of these cells had a single focus of staining (Table 7) T(2;3)dp D , which suppresses crossing over between e and ca. We used probes BACR22N13 and BACR17P04, which are within the crossover suppressed region, and BACR48K23, which is close to the boundary site at 91A-93D and may be within the crossover suppressed region.
Again, the frequency of nuclei with a single focus of hybridization and the distance between separated foci was similar to the wild-type controls. These results suggest that crossover suppression in translocation heterozygotes may not be due to pairing defects. As described below, these results contrast with c(3)G mutant females, in which homolog pairing defects were observed.
Although homologs are usually paired in translocation heterozygotes, it remained possible that there were defects in SC formation not detectable using a pairing assay such as 19 FISH. To determine if the paired loci in translocation heterozygotes were associated with SC formation, we performed FISH experiments in T(2;3)dp D /+ oocytes also stained for C(3)G as a marker for SC formation (Figure 4 ). Probes for BACR22N13 or BACR17P04 were used because they are on different sides of the T(2;3)dp D breakpoint (Figure 1 ) and could reveal defects specific to one side of a breakpoint. Page et al. (2001) measured the length of SC in the Drosophila oocyte using the C(3)G antibody and the average length of a chromosome arm is approximately 22.3 µm. Given there are 20 cytological divisions per chromosome, there may be ~2 µm from the T(2;3)dp D breakpoint to the BACR22N13 site. If SC formation was disrupted by a translocation breakpoint, we expected an absence of C(3)G staining in the vicinity of the homologous loci.
In wild-type oocytes, the foci detected by the probe for BACR22N13 were always associated with C(3)G (n=51 ,Table 8 ). In T(2;3)dp D /+ oocytes, there were no gross defects in SC formation, the majority of oocytes had a single focus of BACR22N13 hybridization (94%) and the foci were associated with C(3)G staining in 30/33 oocyte nuclei. Similarly, with BACR17P04, the hybridization foci were associated with C(3)G staining in 26/31 T(2;3)dp D /+ oocyte nuclei compared to 41/42 in wild-type. Furthermore, in favorable nuclei where the FISH signal was on the outside of the nucleus, the foci were clearly adjacent to a single strand of C(3)G staining (Figure 4 ). Therefore, a region of chromosome 3R associated with crossover suppression in a translocation heterozygote was usually associated with C(3)G staining, suggesting the SC could form between homologs.
However, these results did not rule out an effect of translocation heterozygotes on SC were not detected in translocation heterozygotes, FISH experiments were performed in a mutant where we predicted the homologs would be farther apart than in wild-type. We tested if pairing defects could be detected in c(3)G mutant females which lack synapsis between homologs (RASMUSSEN 1975; SMITH and KING 1968) . These experiments were performed using the c(3)G 68 allele, which is a nonsense mutation that does not produce detectable protein (PAGE and HAWLEY 2001) . Based on two criteria, significant pairing defects were observed in c(3)G mutant oocytes (Table 7) . First, there were an increased number of nuclei with greater than one focus of hybridization. Second, when there were multiple foci in c(3)G mutant oocytes, the distance between them was greater than what was observed in wild-type (Figure 3 ). Using the third chromosome probe BACR48M21, 8/14 c(3)G nuclei had multiple foci compared to 2/15 in wild-type and the distance between them (average of 1.3 µm, Table 7 ) was greater than seen in wild-type (0.51 µm). Similar results were obtained with additional 3 rd chromosome probes (Table 7) . Using BACR22N13, there were twice as many c(3)G nuclei with multiple foci (17/29, 58.6%) compared to wild-type (10/39, 25.6%). When there were multiple foci in a c(3)G mutant, they were usually further apart than in wild-type.
In some c(3)G mutant nuclei, there were three or four foci, indicating separation of the sister chromatids (see MATERIALS AND METHODS). The genetic consequences of this observation are probably minimal since c(3)G mutants do not exhibit meiosis II nondisjunction 21 and crossing over is eliminated. Therefore, cohesion is probably not affected at the sister centromeres and, without crossing over, defects in arm cohesion would not be expected to increase the frequency of meiosis I nondisjunction (HALL 1972) .
The absence of C(3)G did not eliminate homolog pairing during meiotic prophase.
Roughly half (12) 
Translocations heterozygotes have an early defect in meiotic recombination:
Previous studies on translocation heterozygotes did not differentiate between two possible defects in the meiotic recombination pathway that would lead to the reductions in crossing over.
Translocations could affect the initiation of recombination (DSB formation). Alternatively, since 24 DSB repair can result in either a crossover or a simple gene conversion, translocation heterozygosity could influence how the DSBs are repaired. Gene conversion was significantly reduced in the two translocation heterozygotes that were tested, suggesting and early defect in the DSB repair pathway. The reduction of both recombination products is most simply explained by a severe reduction in double strand break formation in translocation heterozygotes.
However, we cannot rule out that DSBs are formed in translocation heterozygotes and are either not repaired or repaired using a sister chromatid. It is unlikely that the breaks are not repaired since Robert's (1970) concluded that crossover suppression was not due to loss of chromatids.
DSB-independent synapsis of homologs during meiotic prophase and the role of boundary sites:
Based on the strong effect of distal breakpoints, Roberts (1972) concluded that the pairing of homologs initiates in the distal regions of each chromosome arm. In the pairing site model, homologous chromosomes are brought together through the interactions of specialized regions (HAWLEY 1980) . These models are attractive because the proposed activity of these sites provides a mechanism for a homology search and SC formation in the absence of DSBs (MCKIM et al. 1998) . To directly test the pairing site model, we employed FISH analysis to investigate homolog pairing in the meiotic nucleus of translocation heterozygotes. If the pairing site model is correct, we expected pairing defects in the crossover suppressed region of translocation heterozygotes.
In contrast to these predictions, no significant homolog pairing defects specifically associated with recombination suppression were observed in translocation heterozygotes. The frequency of FISH signals appearing as two distinct foci and the distance between these foci were usually similar in wild-type and translocation heterozygotes. Furthermore, the FISH foci in crossover suppressed regions were usually associated with C(3)G staining, indicating that SC can 25 form in the crossover suppressed regions of translocation heterozygotes. These data suggest that a defect unrelated to homolog pairing should be considered as the cause of crossover suppression. Indeed, since the homologs appear to enter meiotic prophase already paired, there would appear to be no need to propose the existence of additional generalized pairing mechanisms during meiosis.
Because homolog pairing appeared normal in translocation heterozygotes, we propose that the reduction in meiotic recombination is due to defects in chromosome structure or organization ( Figure 5 ). Since a single translocation breakpoint suppresses crossing over throughout the region between two boundary sites, structural continuity between these sites appears to be crucial for normal levels of meiotic recombination. We propose that these sites establish chromosomal domains that regulate DSB formation. The nature of these domains is not known, but the boundary sites could help establish a chromatin structure that facilitates recombination, or there could be a signal for recombination that must travel between two sites, analogous to the phenomenon of interference. Since SC formation defects were observed in some nuclei of translocation heterozygotes, establishing these domains could involve establishing continuous SC between two boundary sites. In addition, a translocation break could cause defects in chromosome structure that affect DSB formation such as disruption of the transverse or lateral elements. A role for the assembly of SC components in the initiation of recombination is consistent with the observations that some Drosophila SC components have a role in DSB formation (S. Mehrotra and K. McKim, unpublished results, JANG et al. 2003 ).
There were two exceptions to the idea that crossing over depends on two flanking boundary sites. First, translocations with breaks in the 94 -96 region reduced crossing over throughout chromosome 3R whereas breakpoints proximal to the 91A -93D site only suppressed crossing over within their interval. Roberts (1972) also noted that chromosome 3R translocations with the most severe crossover suppression had breakpoints between divisions 91-96. The results with these translocations imply that, while recombination is affected primarily by factors operating between two boundary sites, there are also factors which regulate recombination on a chromosome wide basis. This effect may represent an important difference between the X chromosome and the autosomes. Hawley (1980) found that distal translocation breakpoints generally did not have an effect on proximal regions.
Second, crossing over within the interval between the centromere and the 85A-D site was not suppressed by translocation breakpoints and in some cases was increased. The proximal regions of most chromosomes arms have several other exceptional properties. Crossing over in this region is very low relative to the genome average (MCKIM et al. 2002) and yet crossing over is often increased in this region in mutants that reduce crossing over in most other regions (BAKER et al. 1976; BHAGAT et al. 2004; CARPENTER 1988) . Crossovers in proximal regions may also exhibit positive interference (DENELL and KEPPY 1979; GREEN 1975; SINCLAIR 1975) .
Mechanism of SC formation in Drosophila:
Previous studies have suggested chromosomes are homologously paired prior to meiosis in the female germline (GRELL and DAY 1970) , but these studies were based on the analysis of spread metaphase chromosomes. Our FISH analysis of prophase chromosomes demonstrates the accuracy attained by this alignment in relation to SC formation. We found that prior to SC formation most homologous loci are aligned at a distance of ≤ 0.4 µ m, which is reminiscent of presynaptic alignment observed in other organisms prior to SC formation (ZICKLER and KLECKNER 1998) . Similarly, only a single foci of hybridization was observed in many c(3)G mutant oocytes, indicating SC-independent pairing forces can bring the homologs together. The SC-independent pairing mechanism could be related to the forces which act in somatic cells (FUNG et al. 1998; HIRAOKA et al. 1993) .
c(3)G mutant oocytes were unable to achieve the accuracy of meiotic homolog pairing observed in wild-type. Therefore, somatic pairing mechanisms are not sufficient for homolog pairing during meiotic prophase. We cannot rule out a role for C(3)G in somatic pairing, but this is unlikely since C(3)G staining is not observed until meiotic prophase (PAGE and HAWLEY 2001) . Since homologs were observed to be paired prior to SC formation in wild-type, it is possible that the pairing defects in c(3)G mutant oocytes reflect dissociation of pairing rather than the initial failure to pair. In C. elegans syp-1 mutants, a c(3)G homolog, chromosomes initially pair but then dissociate prematurely (MACQUEEN et al. 2002) . These results suggest that, while mechanisms similar to those that operate in somatic cells might be involved in the initial establishment of pairing, they are not sufficient to maintain meiotic chromosome pairing.
A somatic pairing mechanism does not provide insights into the mechanism for how Drosophila forms SC. In budding yeast, DSB formation has been proposed to be directly involved in SC formation (HENDERSON and KEENEY 2004; ZICKLER and KLECKNER 1998) .
Another role for DSBs is suggested by the analysis of spo11 mutants in Sordaria, in which both presynaptic alignment of homologs as well as SC formation are absent (STORLAZZI et al. 2003) .
These results suggest that an important function for DSBs is to bring homologs together prior to SC formation. The exceptional ability of Drosophila females to align chromosomes prior to prophase may be the basis for the difference between organisms which can form SC in the absence of DSBs and those that cannot. SC formation may initiate in the absence of DSB formation once the homologous chromosomes come within ~ 0.4 µ m of each other. In this model, SC formation could either initiate at many random sites, or at specialized sites (see 28 below). SC formation in budding yeast has been proposed to initiate at prospective crossover sites (FUNG et al. 2004 ).
Above we proposed that the boundary sites are involved in established chromosomal domains that regulate DSB formation and SC components may play a role in this process. An intriguing possibility is that the boundary sites are where SC formation initiates, filling the role ascribed to crossover sites in budding yeast ( Figure 5 ). While only a minority of the translocation heterozygote nuclei had defects in SC formation, our experiments probably underestimated these effects due to the limited resolution of light microscopy. For example, the failure of a FISH signal to be associated with SC may not be detected in all nuclei due to the close proximity of the SCs from other chromosomes. In addition, more pervasive defects in assembling the SC and associated chromatin structure around a translocation breakpoint could go undetected in our studies since they may not be observed at the resolution of light microscopy.
Interestingly, Drososphila ord mutants lack classical SC structure by electron microscopy although there is relatively normal C(3)G staining by immunofluorescence (WEBBER et al. 2004) . Further high resolution experiments using electron microscopy will allow the structure of the SC in the crossover suppressed regions of translocation heterozygotes to be determined.
Finally, understanding the role of these sites will require molecular characterization of their sequences. a Value for the e -ca region not determined (ca was homozygous).
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Table 3
Crossing over in the cu -e region on chromosome 3R (cM). T(2;3)dp chromosome 2 portion of translocation not shown), crossing over is reduced in the cu -e but not the e -ca regions. We propose that efficient DSB formation requires the continuity of a structure between the boundary sites. It is not known, however, if this structure is an SC component(s). Due to the translocation break, this structure cannot be continuous and SC formation cannot be completed.
th -kar kar -cv-c cv-c -Sb Sb -gl gl -e Total
